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ABSTRACT 


Thermionic  Integrated  Circuit  (TIC)  devices  use  a 
hybrid  of  vacuum  tube  and  integrated  circuit  technology.  The 
integrated  circuitry  is  fabricated  on  a  sapphire  ( A1.-.0-, ) 
substrate.  A  device  was  irradiated  to  attempt  to  establish 
a  total  dose  (measured  in  rad  Si)  of  radiation  to  cause  the 
TIC  device  to  malfunction.  The  TIC  device  was  irradiated 
usinq  30  and  100  Mev  electrons  provided  by  the  Naval 
Postgraduate  School  Linear  Accelerator  (LINAC).  The  device 
received  a  total  dose  of  1  .  S  155x  1 0C/  rad  Si  during  the  course 
of  the  experiments.  It  continued  to  function  normal lv 
throughout  the  irradiation  study*  so  it  is  concluded  that 
the  device  is  not  sensitive  to  radiation,  at  least  at  the 
levels  used. 
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I .  INTRODUCTION 


A.  BACKGROUND 

The  core  of  present  day  and  future  weapons 
systems)  satellite  communications  systems  and  operational 
space  systems  is  the  sem i conduc tor  integrated  circuit.  The 
low  power  requirements ,  miniaturization  and  speed  of  these 
devices  have  allowed  the  developement  of  ballistic  missies 
and  satellite  systems.  The  shortcoming  of  solid  state 
devices  is  their  susceptibility  to  failure  when  operating  in 
nuclear  or  space  radiation  environments.  Many 
projects  are  currently  underway  to  develop  "hardening 
techniques"  (hardening  refers  to  making  a  device  less 
susceptible  to  damage  or  upset  from  radiation)  to  increase 
the  reliability  of  solid  state  circuitry  in  high  radiation 
env i r onments . 

The  Thermionic  Integrated  Circut  (TIC)  device  which  is 
currently  being  developed  and  tested  by  D.  Lynn.  J.  B. 
McCormic  et  al.  at  Los  Alamos  National  Laboratory  shows 
great  promise  as  a  method  of  hardening  solid  state  circuits. 
TIC  devices  are  constructed  using  a  hybrid  of  vacuum  tube 
and  integrated  circuit  technology.  Figure  1-1  shows  the 
package  of  the  TIC  device.  The  glass  vacuum  tube  suDports 
the  necessary  internal  circuitry.  The  TIC  device 
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incorperates  pho to  1 i thograph i ca 1 1 y  delineated  thin  films  on 


sapphire  (Al^C^)  substrates  CRef.  ID. 

TIC  devices  could  be  used  in  conjunction  with  solid 
state  devices  to  increase  the  survivablity  of  crucial 
systems  operating  in  high  radiation  environments.  Present 
projections  call  for  TIC  devices  to  reach  the  small  to 
medium  scale  integration  levels. 

Previous  radiation  studies  conducted  at  Los  Alamos 
National  Laboratory  using  neutrons?  high  energy  photons?  and 
protons  demonstrated  the  ability  of  TIC  devices  to  survive 
in  high  radiation  environments.  When  the  results  of  these 
studies  were  compared  to  present  day  semiconductor  devices, 
the  results  showed  TIC  devices  can  survive  orders  of 
magnitude  more  radiation  without  damage.  CRef.  ID. 

The  focus  of  this  thesis  is  the  radiation  effects  of 
high  energy  <30-100  Mev)  electrons  on  a  TIC  device.  The 
source  of  electrons  is  the  Naval  Postgraduate  School  Lines’ 
Accelerator  (LINAC).  The  discussion  will  be  limited  to  the 
radiation  damage  effects  on  a  simple  TIC  triode  device 
after  interaction  with  the  high  energy  electrons.  Electron 
interactions  with  the  individual  components  <i.e..  glass 
bulb.  pins,  cathode  material  etc.)  of  the  device  will  not  be 
discussed.  Previous  studies  at  Los  Alamos  have  shown  the 
individual  component  interaction  with  various  radiation 
sources  to  have  a  negligible  effect  on  device  operation 
CRef .11. 
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B.  TIC  DEVICE 


Figure  1-1  shows  the  package  of  the  TIC  device  and  the 
internal  structure.  The  internal  structure  is  encased  in  a 
vacuum  tube  which  is  either  entirely  made  of  metal  or  a 
combination  of  glass  and  metal.  Figures  1-2  and  1-3  show 
the  fabricated  integrated  circuitry  on  the  sapphire 
substrate.  The  structure  of  a  single  TIC  integrated 
circuit  for  this  typical  triode  is  shown  in  figure  1-3.  The 
gridi  cathode  and  annode  nomenclature  is  simular  to  that  of 
a  normal  triode  tube.  Before  inputting  a  signal  the  device 
heaters  must  raise  the  temperature  of  the  substrate  to 
between  973  and  1173  K. 

Proposed  uses  of  TIC  devices  are  logic  circuits  in 
conjuction  with  solid  state  circuitry  to  ensure  the 
survivability  of  any  crucial  systems  operating  in  high 
radiation  environments  [Ref.  13. 

C.  RADIATION  TYPES  AND  SOURCES 

A  TIC  device  used  as  a  part  of  a  logic  circuit  could  be 
exposed  to  various  sources  of  radiation.  Different  sources 
produce  differnt  types  of  radiation  and  each  tvpe  of 
radiation  damages  the  material  with  which  it  interacts  in  a 
different  mannner, 

Four  high  radiation  environments  in  which  TIC  logic 
circuits  mav  someday  operate  are:  nuclear  weapons  radiation, 
nuclear  reactor  monitoring  devices,  cosmic  radiation  and  the 


SUBSTRATE 


Van  Allen  radiation  Belt.  All  of  these  radiations  sources 
are  potentially  lethal  to  present  solid  state  circuitry. 

The  energy  spectrum  of  a  nuclear  weapon  produces 
several  forms  of  radiation.  The  typical  energy  partition  of 
the  output  of  a  weapon  is:  50-80/.  X-ray  production,  10-20*/. 
kinetic  energy  of  fisson  fragments  and  debris  (including 
ions  and  electrons),  1 /.  into  neutrons  and  0.5/.  into  gamma 
ray  production  CRef.  23. 

Nuclear  reactors  produce  neutrons,  X-rays,  and  gamma 
rays.  Reactor  shielding  is  designed  to  prevent  radiation 
from  escaping  outside  of  the  containment  vessel.  In  the 
event  of  a  loss  of  cooling  accident  monitoring  devices 
inside  the  containment  vessel  must  be  able  to  withstand  a 
total  dose  of  up  to  1. 36x10"'  rad  (air)  over  a  30  day  period 
[Ref. 33.  This  high  radiation  environment  requires  seme 
hardening  technique  to  ensure  full  operation  of  the  solid 
state  monitoring  devices. 

In  the  space  environment,  high  energy  cosmic  ravs  are 
the  source  of  radiation.  These  charged  particles  (protons 
and  electrons)  have  kinetic  enerqies  ranging  from  a  few  Re. 
to  100  Bev .  The  Van  Allen  Belt  is  a  region  of  charged 
particles  trapped  bv  the  earths  magnetic  field.  no  ace 
systems  operating  in  this  region  must  withstand  constant 
bombardment  of  charged  particles  in  the  Mev  range. 

The  damage  to  material  by  neutrons,  X-rays,  high 


enerav  electrons,  qamma  ravs  or  protons  depends  upon 


several  factors. 


The  fluence  (energy/cm2.)  and  the 
sec.)  are  functions  of  distance  from  the 


flux  (energy/cm2, 
source  of  the  radiation.  The  energy  deposited  in  the 
material  (measured  in  rads)  is  a  function  of  the  flux  and 
the  stopping  power  of  the  material.  The  theory  portion  of 
this  thesis  deals  in  much  greater  depth  with  the  meanings 
and  calculations  of  the  above  mentioned  terms. 


THEORY 


I  I  . 

A.  TIC  DEVICE  OPERATION 

The  TIC  device  used  in  this  experiment  is  shown  in 
Figure  2—1.  Figure  2-2  shows  an  individual  integrated 
circuit  of  a  TIC  device  [Ref.  13.  The  grid  (G)  and  cathode 
<K)  are  shown  on  the  lower  sapphire  substrate.  The  anode 
(A)  is  on  the  upper  sapphire  substrate.  To  activate  the 
device  the  substrate  is  heated  to  appr o x i ma te 1 v  1023  K.  The 
cathode  emits  electrons?  the  anode  collects  the  electrons 
and  the  grid  provides  the  gain  by  modulating  the  electron 
flow.  The  inputs  to  the  substrate  heater,  cathode,  and  arid 
as  well  as  the  output  from  the  anode  are  provided  via  the 
pins  at  the  bottom  of  the  vacuum  tube  (see  Figure  1-1).  The 
v-i  char ec t er i s t i cs  of  this  vacuum  triode  prior  to  radiation 
are  shown  in  Figure  2-3. 

A  TIC  device  has  operating  char ac t er i s t i c s  that  are  verv 
similar  to  those  of  a  conventional  vacuum  triode.  When  a 
T[C  device  is  used  as  an  integrated  circuit  it  can  be 
affected  by  parasitic  e 1 ec t r os t a t l c  i nter ac t l ons .  These 
interactions  can  modify  the  expected  device  current  [Ref. 
11.  Fiqure  2-4  illustrates  the  type  of  undesirable 
e 1 ec t r os ta t i c  interactions  that  can  modify  the  expected 
device  current.  Extraneous  currents  can  be  produced  bv 
resistive  leakage  from  element  to  element.  Spurious 


emissions  from  elements  not  designed  to  emit,  such  as  grids, 
anodes  and  sheilds,  can  also  affect  device  operation  and 
performance . 

For  proper  operation  the  grid  cathode  structure  (  GK  1  ) 
of  a  particular  device  should  not  have  its  electric  field 
at  the  surface  appreciably  altered  by  potentials  applied  to 
a  neighboring  grid  cathode  structure  ( GK2 ) ,  or  a  neighboring 
shield  anode  < SA )  (see  Figure  2-5).  Electrons  are  confined 
to  the  proper  cathode  anode  path  by  the  use  of  proper  shield 
potential  [Ref.  13. 

A  problem  with  the  TIC  device  used  in  this  thesis  studv 
was  the  slow  poisoning  of  the  cathode.  The  cathode 
poisoning  is  caused  by  argon  gas  used  during  the  manufacture 
of  the  integrated  circuits  on  the  sapphire  substrate  i see 
section  III.  Triode  Fabrication  for  further  details'.  The 
electron  emission  from  the  cathode  of  a  TIC  device 
manufactured  using  the  sputter  etch  process  will  steadil • 
decrease  and  finally  stop  due  to  cathode  poisonina  [Ref.  41. 

B.  HIGH  ENERGY  ELECTRON  INTERACTION  IN  MATERIAL 

High  energy  electrons  interacting  with  material  cause 
excitation  and  ionization  of  the  atoms  in  the  material. 
Sapphire  ( A 1  ;.0n  >  is  a  crystalline  material,  therefore,  the 
atoms  are  arranged  in  a  regular,  repetitive-  gridlil-e 
pattern  known  as  a  lattice.  Excitation  occurs  when  the 
electrons  of  the  lattice  atoms  absorb  sufficient  guantities 


of  energy  to  be  excited  to  a  higher  energy  state  but?  remain 
bound  to  the  parent  adorns.  If  an  electron  absorbs 
sufficient  energy  to  be  completely  removed  from  the  parent 
atom?  ionization  has  taken  place.  Ionization  produces 
positive  ions  and  free  or  unbound  electrons.  Ionization  and 
excitation  of  lattice  atoms  may  cause  the  atoms  to  give  off 
photons . 

An  atom  may  give  off  a  characteristic  X-ray  (photon) 
when  one  of  its  electrons  has  been  removed  (i.e.  the  atom 
has  been  ionized).  X-rays  will  be  emitted  if  a  lower  energy 
electron  fills  the  empty  energy  state  left  due  to 
ionization.  The  energy  of  the  X-ray  given  off  equals  the 
difference  in  energy  of  the  electrons  involved  in  the 
t  r  ans i t ion  . 

hi;  =E  ,  -E.»  I  2 . 1  > 

An  excited  atom  emits  an  X-ray  when  it  transitions  from 
an  excited  state  to  the  normal  ground  state.  Again,  the 
energy  of  this  transition  is  given  by  equation  2.1. 

Hiqh  energy  electrons  lose  energy  as  they  pass  v.gn 
material  due  to  the  emission  of  b  r  emss  t  r  ah  1  u  no  ■-ra,-=. 
Emission  of  b r emss t r ah l una  is  caused  bv  the  electric  field 
of  the  atomic  nucleus  and  the  atomic  electrons  interacting 
with  the  hiqh  enerqy  electrons  bombarding  the  material . 
Br ems s t r ah  1 unq  is  a  smooth  X-ray  spectrum  produced  b  /  the 


electrons  as  they  pass  through  material.  As  the  electron 
slows  down  it  gives  up  energy  through  radiation. 

1 .  Photon  Interaction  in  Material 

Photons  (gamma  rays?  X-rays  and  Br emsstr ah  1 ung  X- 
rays)  are  slowed  or  stopped  in  material  by  three  types  of 
interactions;  pho toe 1 ec tr i c  collisions*  compton  effect  and 
pair  production.  Reguardless  of  the  manner  in  which  the 
photons  are  produced  they  will  interact  with  the  lattice 
atoms  of  the  material  in  one  of  the  aforementioned  manners. 
Once  a  photon  is  formed  it's  interaction  process  with  a 
lattice  atom  is  chiefly  a  function  of  the  energy  of  the 
photon . 

When  the  incident  photon  energy  is  less  than  50  kev  . 
the  most  probable  photon  interaction  process  is 
photoelectric  collision.  The  probability  of  a  pho toe  1 ec t r t c 
collision  decreases  with  increasing  photon  energy.  In 
photoelectric  collisions  the  incident  photon  is  completely 
absorbed  by  an  atom  and  an  electron  is  removed  from  one  of 
the  she  11s  of  the  lattice  atom.  The  f r ee  e 1 ec  tron  will 
have  an  enerqy  E,„  given: 

E,».  =  h jj  -B,  .  '2.2  > 

where  B,  is  the  binding  energv  of  the  electron.  The  removal 
of  an  inner  electron  (i.e.  an  electron  not  in  the  cute' 
shell)  will  result  in  the  emission  of  an  X-rav  [Ref.  51. 


When  a  vacancy  in  one  of  the  inner  shells  of  an  atom  is 
filled  by  an  electron  from  a  higher  energy  state*  a 
charecter ist ic  X-ray  is  emitted.  The  energy  of  the  X-ray  is 
equal  to  the  difference  in  the  binding  energy  of  the  two 
electron  states. 

Auger  electrons  can  also  be  produced  by  this  effect 
but  they  will  be  ignored  in  this  study  due  to  their  low 
ener qy . 

In  Compton  collisions*  the  incident  photon  striies 
an  electron  of  a  lattice  atom  but  is  not  completely  absorbed 
by  the  electron.  The  photon  is  scattered  at  a  reduced 
energy  by  the  collision.  Part  of  the  incident  energy  of  the 
photon  is  absorbed  by  the  electron  and  part  of  it  is 
scattered  as  a  lower  energy  photon.  Compton  scattering  1= 
most  probable  when  the  incident  photon  has  an  enero . 
between  .51-1.2  Mev.  This  energy  is  much  greater  than  the 
binding  energy  of  the  atomic  electrons.  therefore  the 
b 1 nd 1 ng  energy  i s  no  t  considered  in  the  compton  model  C  Ref . 
61  . 

The  maximum  energy  transferred  to  the  electron  is  a 
function  of  the  enerqy  of  the  incident  photon  and  the  ana ie 
which  it  strikes  the  electron.  The  overall  probability  o' 
Compton  collision  is  proportional  to  the  Z  (atomic  number' 
of  the  material  and  inversely  proportional  to  the  enerav  of 
the  incident  photon.  The  incident  photons  will  cause  the 
electrons  to  be  ionized  and  forward  scattered.  When  a  large 


number  of  compton  collisions  take  place  in  a  material,  a  net 


flux  of  electrons  is  produced  in  the  material.  These  free 
electrons  are  called  Compton  electrons  and  constitute  what 
is  known  as  a  Compton  current  CRef.  71. 

When  the  incident  photons  have  an  energy  greater 
than  1.02  Mev  pair  production  interaction  becomes  important. 
If  the  incident  photon  is  completely  absorbed  by  the  lattice 
atom  and  a  pos i tron-e 1 ec tr on  pair  equal  in  energy  to  the 
enerqy  of  the  incident  photon  is  formed,  pair  production  has 
taken  place.  The  posi tron-electron  pair  behave  as  free 
electrons  from  an  ionized  atom. 

The  high  enerqy  electrons  bombarding  any  material 


will  produce  photons.  The  photons  interacting  in  the 
material  cause  enerqy  to  be  deposited.  The  enerqy  deposited 


in  the  material  is  measured  in  rads  (100  ergs/gm  =  l  rad1. 
The  deposition  of  energy  in  material  causes  damage  to  rhe 


material  and  alters  the  normal 


■ristics  of  th< 


material.  Materials  differ  in  their  ability  to  absorb 
energy  and  maintain  their  normal  behavior. 


C.  ELECTRON  PRODUCTION  OF  FRENKEL  PAIRS 

The  hiqh  enerqy  electrons  produced  by  the  LIMAC  ar-> 
focused  into  a  tight  beam  of  approximately  one  sauaie 
centimeter  when  the  beam  strikes  the  TIC  device.  The  beam 
is  focused  on  the  sapphire  substrate  inside  the  class  vacuum 
Tube  of  the  device. 


The  sapphire  substrate  and  the  metals  on  the  substrate 
are  highly  ordered  materials.  The  atoms  in  highly  ordered 
materials  form  a  orderly  lattice  structure.  When  one  of  the 
high  energy  electrons  passes  sufficiently  close  to  the 
nucleus  in  the  lattice  it  will  penetrate  the  electron  cloud 
surrounding  the  nucleus.  Penetration  of  the  electron  cloud 
will  cause  the  high  energy  electron  to  experience  a 
deflection  from  the  elctric  field  of  the  nucleus. 

The  magnitude  of  the  screened  electric  field  the 
bombarding  electron  will  encounter  is  dependent  upon  the 
closest  approach  made  with  the  nucleus  of  the  atom  in  the 
lattice  site.  The  interaction  between  the  bombard  1  no 
electron  and  the  nucleus  is  known  as  coulomb  scattering. 

Coulomb  scattering  will  cause  the  electron  to  transfer 
some  of  its  energy  to  the  atom  of  the  lattice  site.  The 
bombarding  electron  can  transfer  a  sufficient  amount  of 
energy  to  displace  the  nucleus  of  the  atom  in  the  lattice. 
When  the  nucleus  of  the  displaced  lattice  atom  moves  from 
its  normal  lattice  position,  it  may  move  to  a  new 
nonequilibrium  position  known  as  an  interstitial  position.. 
The  maximum  amount  of  energy  which  can  be  transferred  b  /  an 
electron  to  the  lattice  atom  is  given  bv  [Ref.  ol : 

T . 2  (  E  +  2mc_£J  E  (2.3) 

Me  2 

where , 

M  =  mass  of  the  lattice  atom 


m  =  mass  of  an  electron  in  units  of  me 

E  =  bombarding  electron  energy 

c  =  speed  of  light 

mc2=  rest  mass  energy  <.511Mev) 

Due  to  the  long  range  interactions  obtained  with 
coulomb  collisions?  the  average  energy  transferred  to  the 
lattice  atoms  is  consideribly  less  than  this  maximum  value 
CRef.  83.  The  average  amount  of  energy  transferred  is  qi.en 
b  v  : 

T  =  T (  In  T,„-  1  +  tt ex  )  (2.4) 

Ed 

where  ? 

T  =  average  energy  transferred 

E.i  =  threshold  energy  to  cause  displacement  in 
sapphire  (50  ev  for  A1  or  90  ev  for  0) 

T =  the  maximum  enerqy  transfer  possible 
oc  =  7/1 37 
Z  s  atomic  number 

If  the  elastic  collision  between  the  hioh  ere ,  a 
electron  bombardinq  the  lattice  atom  transfers  a  certain 
threshold  enerqy?  E.,  (50  ev  for  A1  and  90  ev  for  0)  the 
lattice  atom  will  be  displaced  and  moved  to  an  interstitial 
position  [Ref .  93.  If  the  energy  transferred  to  the  lattice 

atom  is  below  E , ,  ?  the  lattice  3tom  will  not  be  disolaced. 
The  displaced  atom  will  leave  behind  a  vacancy  in  the 
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lattice.  The  resulting  vacany- i nter s t i t i a 1  pair  is  known  as 
a  frenkel  defect.  The  process  of  the  initial  bombarding 
electron  colliding  with  the  lattice  atom  is  known  as  the 
primary  collision.  The  target  atom  of  the  lattice  is  called 
the  primary  knock-on. 

The  number  of  frenkel  pairs  produced  per  cubic 
centimeter  can  be  computed  as  shown  by  Cahn  CRef.  101. 
However,  in  computing  the  number  of  frenkel  defects  with 
this  model  numerous  assumptions  have  been  made.  The 
assumptions  are: 

L )  Step  junction  threshold  energy  is  assumed  ( i .e. , 
if  E  is  greater  than  E,-i  there  is  displacement  , 
if  E  is  less  than  E,,  no  displacement). 

2)  Atom-atom  col  lions  are  treated  as  hard  sphere 
co 1  I i s ions  . 

3)  The  ordered  arrangement  of  the  atoms  in  the 
lattice  structure  is  not  considered. 

4)  Damage  is  considered  homogeneous. 

5)  Annealing  is  not  considered. 

6)  Glancing  collisions  are  not  considered  even 
though  an  energy  loss  may  be  incurred. 

7 >  Lattice  atoms  are  considered  at  rest. 

8)  Long  range  effects  from  other  atoms  are  not 
cons l der ed . 

9>  The  number  of  replacements  per  primary  are  not 
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considered.  The  moving  atom  will  replace  the 


struck  atom  if  the  latter  recieved  energy 
greater  than  Ert  and  the  former  retains  energy 
less  than  . 

10)  There  is  no  accounting  for  ionization  losses. 
Kahn  CRef.  101  used  the  following  formula  to 
compute  the  number  of  frenkel  pairs  produced  by 
bombarding  electrons: 


Nf  =  ,N, . 


(2.5) 


where , 


$,.=  electron  fluence  (electrons/cm3) 

cr, ,=  total  cross-section  due  to  primary  and  secondarv 
d i sp 1 ac ements . 

N. .  s  number  of  lattice  atoms  per  cubic  centimeter. 


< T,:1=0‘oH  <  t  ) 


(2.6) 


where  <Tr>  is  given  by  [Refs.  10  and  111 


r  OMIfe'  V"  "ITT  (-)  ""Hr-7’ 


whe r e . 


(.<  =  v  •'  c 


'=  speed  of  bombarding  electron 


c=  speed  of  light 


r=  -r  (  i  -a 2 ' 


»fS»! 


H  (  t  )=  btA 


(2.8) 


,5  (Kinchin  and  Pease  constant) 


^  =  4M ,  M:» 

<  M,  +Me,  )  2 


(2.9) 


(ft) 


[number  of  a toms /mo  1 ecu  1 e ]  (2.10) 


where  . 


N,,=  number  of  cattice  atoms  per  cm::i 


=  3.97  qm/cm:::)  (density  of  Al:»0a) 


A , =  82  qm/mole  (atomic  weight) 


N.„=  Avaqodro’s  number  <  6 . 023  x  1 0‘-'°  ) 


cr, i  has  included  the  effects  of  energy  dependence  and 


energy  loss  through  ionization.  As  will  be  seen  there  is  a 


strong  dependence  upon  the  stopping  power'  of  the  material  in 


computing  the  cross-section.  Using  equations  2.5-2.10  from 


above  and  the  properties  for  sapphire  the  follow] no 


predictions  are  made  for  the  number  of  frenkel  pairs. 


N,  is  the  number  of  frenkel  pairs  produced 


bombarding  electron.  This  model  predicts  1.0169  frenl el 


pairs  per  bombarding  electron  where.  <$e  is  the  el' 


fluence  (electrons/cm2 ) 


Theoretical  predictions  for  the  number  of  frank e 


pairs  will  exceed  the  actual  values  from  observed 


'periments  [Ref.  61.  The  equations  predict  a  value  of 


four  defects  per  cubic  centimeter  when  bombardinp  gal  1  i urn 


arsenide  and  germanium  with  IMev  electrons  (assuming  N.  .= 
5xl0312  cm3).  The  experimental  values  for  silicon  were 
observed  to  be  0.26  per  cm3  by  Wertheim  [Ref.  61.  Ackerman 
and  Graft  report  a  value  of  0.5  per  cubic  centimeter  for 
gallium  arsenide  using  1  Mev  electrons.  Using  1.7  liev 
electrons  Cleveleand  and  Pacieses  report  values  beteen  0.1 
and  0.4  defects  per  cm2  in  gallium  arsenide. 

Not  all  of  the  frenekel  defects  produced  by  the 
electron  bombardment  are  stable.  At  temperatures  above  373  t 
the  vacancies  and  interstitials  are  mobile  in  the  crystal 
and  unite  with  each  other.  Due  to  the  high  operatina 
temperature  of  TIC  devices  (973-1123  K)  only  the  permanent 
frenkel  defects  will  remain. 

Since  the  theory  predicts  1.0169  frenkel  defects  per 
bombarding  electron,  it  must  be  assumed  that  the  total 
number  of  defects  actually  produced  in  the  material  is  much 
1  ess  . 

The  production  of  frenkel  defects  alters  the  actual 
crystalline  structure  of  the  sapphire  substrate.  The  damaoe 
caused  to  the  sapphire  alters  the  crystal's  normal  phv«i  :al 
properties.  Alteration  of  these  properties  could  alter 
performance  of  the  TIC  device. 

D.  STOPPING  POWER 

To  get  a  measure  of  the  amount  of  energy  deposited  b 
the  electrons  as  they  move  through  material  we  use  the  term 


"stoppinq  power".  Stopping  power  is  the  amount  of  energy 
lost  per  unit  length  of  path  through  the  stopping  material 
[Ref.  12D. 

For  electrons  it  is  customary  to  separate  the  total 
stopping  power  into  two  componants  [Ref.  133:  (a)  The 
collision  stopping  power  is  the  average  energy  loss  per  unit 
path  length  due  to  inelastic  coulomb  collisions  with  bound 
atomic  electrons  of  the  medium  resulting  in  ionization  and 


exc i tat  ion .  ( b ) 

The 

radiati ve 

s  topp i ng 

power 

a  s 

the 

aver aqe  energy 

loss 

per  uint  path 

1  eng  th 

due 

1 0 

bremsstrah lung  (radiation 

loss)  in 

the  electr 

i  c  field 

0  f 

the 

atomic  nucleus  and  of  the  atomic  electrons. 

Stopping  power  is  separated  into  two  componants  because 
the  methods  used  for  the  evaluation  of  the  two  componants 
are  auite  different.  The  energy  going  into  the  ionization 
and  excitation  of  lattice  atoms  is  absorbed  in  the  material 
close  to  the  track  of  the  bombardinq  electron. -The  enero/ 
lost  by  the  bombardinq  electrons  due  to  bremss tr ah  1 unq 
travels  far  from  the  electron  track  before  being  absorbed. 
In  "thin  sample"  (the  sapphire  substrate  is  considered  a 
thin  sample)  the  enerqy  lost  due  to  b r emss t r ah  1 u no  is  not 
deposited  in  the  material. 

Radiative  and  collision  stoppinq  power  both  1 

electrons.  The  enerqv  due  to  radiative  stoppinq  power  is 
d eo os. ted  far  from  the  electron  track.  Collision  stopping 


power 


is  the  mechanisum  which  creates  ionization  and  causes 


energy  to  be  deposited  in  the  material.  Collision  stopping 


power  is  the  mechanisum  responsible  for  energy  deposition  in 
the  TIC  device  used  for  this  thesis.  The  total  amount  of 
energy  deposited  in  the  material  (measured  in  Rads  Si) 
required  to  affect  the  TIC  devices  perfomance  will  be  the 
focus  of  this  thesis. 

The  formulas  for  stopping  power  used  in  this 
section  come  from  Beth’s  theory  and  refinements  to  that 
theory.  The  electron  mass  collision  stopping  power  is  given 
by  the  formula  developed  by  Rohrlich,  Carlson  and  Ue 1 1 ng 
TRef.  133: 


1  dE  =  2rrNr  ,mc2Z 

1  n/  T  \2  +  1  n  /I  +  t  \+F  (  7  ) 

(2.11) 

9  dX 

VW  \  2/ 

where . 

F  (  T  )  =  ^ 

l-rtzj  1  tT_2-^2T  +  l  j  Inc 

L  8  _ 

1  2 . 1  5 

the  quantity? 

.5  In^X 

^2  -tln^l  +— ^  +F  <  j  )  —£ 

■2.13 

is  the  stopping 

power  per  atomic  electron  [Pet 

■  l  a  j  . 

N  =  fivaqodro  ’ 

s  number 

(6.023x1  0-  '  ■ '  > 

Z  =  atomic  number  of  the  target  atoms 
T  =  mean  excitation  energy 
me  2 =  electron  rest  energy 

n  5  velocity  of  high  speed  e 1 ec t r o n / speed  of  light 


wuvy.lffjgin  IBWtWfWffWWHIWgWWWH^wmiimuiWiiw— »■  II . .  .1.  I.  ... 

t  =  T/mc2  kinetic  energy  of  incident  electron  per  rest 
mass . 

r,,  =  classical  rest  energy 
A  =  atomic  weight  of  the  target  atoms 

The  collision  stopping  power  for  electrons  in  A 1  .-.O-t  is 
1.75  Mev  cm;-/gm  for  30  Mev  electrons  and  1.851  liev  crrv'/gm 
for  100  Mev  electrons  [Ref.  9]. 

The  mass  radiative  stopping  power  can  be  expressed  as 
[Ref.  123: 

I  d£  ~  Ncxr , , 2  Z 2  1  +  j  (2.14) 

e  dX  A  l  2$,J 

wher  e « 

M  =  Avaqodro's  number  (  6 . 023x  1  O'-3  ) 

2  =  atomic  number  of  the  target  atoms 

r..  =  classical  electron  radius 

ex  =  fine  structure  constant  (2/137) 

F  3  T  +  me  2  total  energy  of  the  electron 
f>  .  e  scaled  radiative  energy  cross-section  for 
electron-nucleus  interaction 
$e  3  scaled  radiative  energy-loss  cross-section  for 
electron-electron  interaction 
—  3  atomic  weight  ot  the  target  atoms 

the  mass  radiative  stopping  power  depends  l mo  1  l c  l  t  •  .• 
upon  the  b r emss t r ah  1 ung  cross  — sec t i on .  The  b r emus t r ah  1 u i  iq 
cross-section  is  the  urobabilitv  of  the  emission  of  a  pho  ton 
due  to  interaction  of  the  electron  with  the  screeied  coulomb 
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field  of  the  atomic  nucleus,  and  the  corresponding 
probability  of  the  emission  of  a  photon  due  to  interaction 
with  one  of  the  atomic  electrons  CRef  123. 

The  range  of  an  electron  is  the  average  length 
of  path  the  electron  travels  until  it  is  stopped  by  the 
medium  due  to  energy  loss  CRef.  113.  The  electron  is 
assumed  to  lose  energy  continuiously  along  its  path.  Range 
is  qiven  in  term  of  (gm/cm2).  When  the  range  is  divided  by 
the  density,  the  average  distance  an  electron,  wi  1 1  travel  in 
the  medium  can  be  computed. 

Dose  is  the  total  energy  deposited  in  the  material  bv 
the  interacting  radiation.  Dose  is  measured  in  rads  and 
must  be  specified  for  the  material.  The  front  surface  dose 
(for  a  thin  sample)  is  expressed  by  the  following  formula 
CRef.  13  3: 

R  =  1.6x10  ’’^e  1  dE  (rad  material)  '2.15' 

■9  dX 

The  dimensions  of  the  substrate  constitute  a  thin  sample 
and  therefore  equation  2.15  will  be  used  to  compute  the  dose 
measured  in  rads  Si. 


III.  EXPERIMENT 

A.  DEVICE  FABRICATION 

Figure  3-1  shows  a  TIC  triode  package.  The 

sapphire  substrates  are  2  cm  (approx  .75  in)  in  diameter  and 
30  mil  thick.  The  integrated  circuits  are  manufactured  on 
the  substrate  using  photolithographic  and  fabrication 
techniques  developed  for  the  manufacture  of  typical 
inteqrated  circuits.  Figure  3-2  shows  the  grid  and  cathode 
circuitry  on  the  sapphire  substrate.  Figure  3-3  shows  the 
anode  circuitry  on  the  sapphire  substrate. 

The  circuit  side  of  a  device  is  made  up  by  las- l  no 
down  thin  films  of  metal  on  the  sapphire  substrate.  Figure 
3-h  shows  the  procedure  used  in  laving  down  the  tungsten, 
moivbdenum  and  titanium  of  the  integrated  circuit.  The 
pattern  of  the  circuit  is  defined  using  a  plasma  etch 
procedure.  The  titanium  and  molybdenum  are  removed  from  the 
cathode  using  a  sputter  etch  technique  in  argon  gas.  Toe 
f l na l  process  of  del ineat ina  the  circuit  is  accomplished  b 
addina  a  photoresist-cathode  coat  inq  .  The  coating  i  ■=-  a 
combination  of  standard  vacuum  tube  bar  i  um-stron  1  um-c  a  1  c  i . 
carbonate  powder  and  negative  photoresist.  The  anode  is 
laved  down  in  a  similar  manner. 

A  heater  element  is  laved  down  on  the  reverse  sides  o' 
both  substrates  to  ensure  a  uniform  temperature  vFioure 


Figure  3-1.  Tnode  pu  ;Kage  used  for  the  irradiatio 
stud ies  . 


3-5)  . 


The  heater  is  required  for  proper  device  operation. 


The  heater  power  requirement  for  the  TIC  is  15  watts  per  .75 
in.  diameter  substrate  pair  when  heated  to  1023  K. 

Figure  2-2  shows  a  r ep r esent a t i o n  of  one 
integrated  circuit.  The  typical  TIC  triode  is  made  with 
seven  1.5  mil-wide  cathode  stripes  per  device)  with  1.0  mil¬ 
wide  grid  strips  between  cathodes. 

The  current  assembly  technique  for  the  substrates  uses 
three  40  X  50  mil  platinum  straps  bonded  to  each  substrate 
at  120  degree  intervals.  The  substrates  are  aligned  with 
respect  to  each  other  by  viewing  the  "cross  and  tee" 
alignment  keys  shown  on  the  circuit  patterns  (Figure  3-6  > . 
The  heater  windows  permit  viewing  the  alignment  keys  (Figure 
3-5  ).  Nickel  shims  welded  to  the  straps  govern  the 
substrate  seperation. 

The  TIC  device  is  pumped  for  72  hours  to  obtain  the 
proper  vacuum  inside  the  tube.  This  is  followed  by  a  pre¬ 
activation  bakeout  at  673  K  for  15  hours.  The  substrates 
are  heated  to  1123  K  to  complete  the  activation  process. 

The  lifetime  of  TIC  devices  manufactured  using  *  he 
sputter  etch  technique  is  decreased  due  to  the  argon  gas. 
The  argon  molecules  attach  themselves  to  the  sapDhi'-e 
substrate.  When  the  device  is  activated  the  argon  atoms 
detach  themselves  from  the  substrate,  become  ionized  and 


slowly  poison  the  cathode. 


The  process  of  poisoning 


the 
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Figure  3-5.  Heater  element  of  the  TIC  device 
The  diamond  shaped  holes  are  for  viewing  the 
cross  and  tee  of  the  circuits. 
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cathode  eventually  causes  the  cathode  to  cease  emitting 
electrons  CRef.  41. 

A  change  in  the  etching  technique  will  eliminate  the 
problem  of  cathode  poisoning.  A  chemical  etch  process  is 
currently  being  developed  at  Los  Alamos  National  Laboratory 
to  replace  the  sputter  etch  technique  using  argon  gas.  The 
change  in  the  etching  process  will  eliminate  the  tendency 
for  TIC  devices  to  se 1 f -des t rue t . 

B.  NFS  LINAC 

The  Naval  Postgraduate  School  Linear  Accelerator  (LINAC) 
is  a  disk-loaded  circular  waveguide*  thirty  feet  Iona 
consisting  of  three  ten-foot  sections.  Each  ten-foot 
subsection  is  powered  by  a  klystron  amplifier  used  to 
accelerate  electrons  from  15  -100  Mev.  The  LINAC  operates 
at  60  pulses  per  second  with  a  microsecond  pulse  duration. 
The  relativistic  electrons  are  focused  on  a  target  using 
deflection  and  focusing  magnets.  A  target  can  be  placed 
either  inside  the  target  chamber  (held  at  a  vacuum  of  about 
one  torr  )  or  just  outside  the  the  target  chamber.  When  the 
target  is  placed  outside  the  target  chamber  it  is  placed 
against  the  target  chamber  window  (the  target  chamber  window 
is  a  thin  aluminum  plate). 

The  electron  fluence  ( e 1 ec t r o ns / cm  2  )  is  measured  using  a 
Secondary  Emission  Monitor  (SEN)  located  inside  the  target 
chamber .  The  electrons  which  impact  the  SEM  charge  a 
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capacitor.  The  voltage  developed  across  the  capacitor  is 
measured  by  a  voltage  integrator.  The  voltage  charge 
relationship  is  given  using  the  following  equation: 

Q„  =  CV  (3.1) 

where » 

Q,„  =  the  charge  on  the  capacator  of  the  SEM 
C  =  the  capacitance 
V  =  the  accumulated  voltage 

The  total  number  of  electrons  that  have  passed  through 
the  SEM  is  computed  using  the  following  equation: 

N  =  Qe/q  (3.2) 

where , 

N  =  the  total  number  of  electrons 
Qk  =  the  beam  charge 
q  =  electron  charge 

Previous  radiation  studies  using  the  NPS  LIMAC  have 
calibrated  the  large  external  SEM  with  the  use  of  a  farada\ 
cup  C  Ref  14]. 

Studies  of  the  MP3  LIMAC  have  shown  the  large  outside 
SEM  to  be  6'/.  efficient  in  collecting  electrons  when  compared 
to  the  faraday  cup.  The  faradav  cup  has  since  been  removed 
and  the  large  SEM  is  the  standard.  The  small  internal  SEM 
used  for  the  calculations  in  this  thesis  has  been  calibrated 
against  the  large  SEM.  The  small  SEM  is  2.6*/.  efficient  l  r 


collecting  electrons,  so  that  Q„  =  .026  Qu  Using  this 
information  and  equation  3.2  the  total  number  of  electrons 
is  given  by: 

N  =  CV/.026q  (3.3) 

The  fluence  (§)  is  computed  by  dividing  both  sides  of 
equation  3.3  by  the  area  of  the  beam  (for  further 
exp  1  a i na t i on  see  section  IV.  Data  and  Results  ): 

$  =  CV/.026Aq  (3.4) 

$  =  the  fluence  used  in  this  thesis  computed  using 
equation  3.4. 

C.  EXPERIMENTAL  PROCEDURE 

1 .  Pr e- i r r ad i a t i on  Measurements 

The  TIC  triode  was  placed  on  the  test  stand  as 
pictured  in  figures  3-7  and  3-8  .  It  was  activated  to  the 
normal  operating  parameters  by  heating  the  substrates  fa 
1023  K  using  1.21  amps..  The  temperature  of  the  substrate 
was  measured  using  an  optical  pyrometer.  The  TIC  de\  ice  wec- 
al lowed  an  8  hour  warm-up  period  before  recording  the  v - i 
char  ac  ter  i  st  l  cs  (hereafter  referred  to  as  the  dase.i  i- 
characteristics) .  The  cathode,  anode  and  grid  of  the  device 
were  used  as  inputs  for  a  textronix  5^6  curve  tracer. 
Figures  3-9  and  3-10  show  the  pre-irradiation  ■/ -  i 
charecteriatics  of  this  TIC  device.  This  device  exhibits 


Figure  3-9.  v-i  characteristics  prior  to  irradiation 


r  ice.;r*  3-10.  Pre- irradiat  ion  v-i  character  ist  ivs 
F  icrures  3-9  and  3-10  are  known  as  the  baseline 


cha racter ist ics . 


the  typical  exponential  curve  expected  from  a  vacuum  triode 


CRef.  4D. 

2 .  Pre- i r r ad i a t i on  Procedure 

The  TIC  triode  was  placed  on  the  test  fixture  as 
shown  in  Figure  3-11  during  the  irradiation  portion  of  the 
experiment.  The  stand  and  device  were  placed  inside  the 
target  room  just  outside  the  target  chamber  as  close  as 
possible  to  the  target  chamber  window.  The  device  was 
activated  to  the  normal  operating  parameter  of  1023  K. 

A  target  made  of  phospherous  on  an  aluminum  screen 
was  set  upon  the  stand  (see  Figure  3-12  >.  The  target  area 
was  of  equal  height  to  the  substrate  disks  of  the  TIC.  The 
electron  beam  of  the  L I NAC  was  focused  and  aligned  on  the 
phospherous  target.  The  electron  beam  appears  as  a  very 
bright  area  on  the  phosperous  target. 

The  alignment  and  focusing  of  the  beam  on  the  taroet 
was  monitored  through  a  video  camera.  The  camera  located  in 
the  target  room  relayed  the  video  of  the  beam  on  the  target 
to  the  control  room.  Using  the  focusing  and  alignment 
magnets  the  electron  beam  is  centerd  on  the  target  and 
adjusted  until  the  beam  area  is  one  square  centimeter. 

A  circle  is  drawn  on  the  video  monitor  enclosing  the 
beam  as  it  appears  on  the  phospherous  target.  The  beam  is 
then  shut  off  and  the  TIC  device  is  aligned  so  the  one 
square  centimeter  area  of  the  beam  will  be  centered  on  th>- 
substrate  disks  of  the  TIC  device.  The  test  stand  and  TIC 


47 


Figure  3-11.  TIC  device  on  test  stand 


Figure  3-12.  Target  used  to  focus  electron  beam 
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device  (see  Figure  3-11)  placed  as  close  to  the  target 
chamber  window  as  passible  (approximately  5  mm  from  the 
wi ndow ) . 

Figure  3-13  depicts  the  circuit  used  for  the  triode 
radiation  tests.  The  50  volt  power  supply  provides  50  volts 
across  the  cathode  and  anode.  The  50  volts  was  also  used  as 
the  input  to  an  oscilloscope  after  passing  through  a  250  K  0 
resistor.  Irradiation  of  the  TIC  triode  commenced  after  the 
circuit  was  activated. 

3 •  Test  Procedure 

The  procedure  for  the  radiation  test  was  as 

f o 1 1 ows : 

a.  Place  the  device  on  the  test  stand  as  in  Figure 
3-11  and  heat  it  to  normal  operating  parameters. 

b.  Irradiate  the  TIC  device  using  the  desired 
electron  beam  energy  of  30  or  100  Mev  for  a 
specified  amount  of  time. 

c.  Monitor  the  irradiation  of  the  device  bv 
viewing  and  photographing  the  signal  received  b. 
the  oscilloscope  from  the  TIC  triode. 

d.  After  irradiating  the  device  for  a  specified 
period  of  time  the  electron  beam  is  secured. 

The  device  is  allowed  to  cool  to  ambient 
temperature . 

e.  The  device  is  placed  on  the  test  stand  as  in 
Figures  3-7  and  3-B.  The  post  irradiation  v-i 
char ec ter  i  s t l c s  from  the  curve  tracer  are 
photographed  and  compared  with  the  baseline 
charac ter i st ics . 

Steps  a  -e  were  repeated  five  times.  The  first 
irradiation  of  the  device  used  30  Mev  electrons,  wh  i  i  e  101' 
Mev  electrons  were  used  for  the  next  four  experimental  runs. 


The  length  of  time  the  device  was  exposed  to  irradiation  was 
increased  during  each  subsequent  experimental  run. 

A  problem  with  120  volt  a.c.  noise  was 
discovered  after  the  second  experimental  run  (for  further 
information  see  discusion  of  data  and  results).  To  assist 
in  identifing  actual  changes  in  the  operating 
char ec ter i s t i c s  of  the  device,  a  square  wave  generator  was 
used.  The  input  and  output  of  the  square  wave  through  the 
TIC  device  was  observed  and  photographed  via  the 
oscilloscope.  The  square  wave  generator  was  used  before  and 
after  irradiation  during  the  third,  fourth  and  fifth 


experimental  runs. 


IV.  DATA  AND  RESULTS 


A.  BASELINE  DATA 

Figures  3-9  and  3-10  are  photographs  of  typical  v  -  i 
charecteristics  of  the  TIC  device  prior  to  irradiation. 
All  pos t- i r r ad i a t i on  v-i  charec ter i s t i cs  will  be  compared 
with  these  baseline  photographs  to  access  changes  in 
perfromance  char ec ter i st i cs .  The  drop  in  electron 

emission  by  the  cathode  will  be  monitored  by  watching  the 
decrease  in  the  height  of  the  emission  lines  (measured  ud 
the  vertical  axis).  A  decrease  in  the  height  of  tne 

emission  lines  is  expected  as  the  argon  poisons  the  catnode. 
A  decrease  in  emission  is  not  an  indication  of  '-adiation 
damagei  but,  a  consequence  of  manufacturing  technique. 

B.  IRRADIATION 

During  irradiation  of  the  TIC  device  charge  builds  up 
and  dissipates  in  the  device.  Figures  4-1  and  4-2  are 

typical  of  the  charge  build  up  and  dissipation.  -  i 
experimental  runs  showed  this  behavior  and  it  :=  m.p  a 
prominent  when  using  100  Mev  electrons. 

The  first  e<perimentsl  run  was  comoleted 

using  30  Mev  elctrons  for  56  minutes.  The  four  succeeding 
runs  were  completed  us.ng  100  Mev  electrons.  Table  4-1 


below  gives  the  time  of  irradiation  for  each  experimental 


run . 


TABLE  4-1 

EXPERIMENTAL 

RUN  AND  TIME 

OF  IRRADIATION 

Exper i mental 

Run 

T  i  me 

of  Irradiation 

Two 

1  hr  . 

6  min. 

Three 

1  hr  . 

10  min. 

Four 

lhr  . 

28  min. 

F  i  ve 

2hr  . 

10  min. 

C.  DOSE  COMPUTATION 

Equation  4.1  gives  the  fluence  when  the 

capacatance  <C),  voltage  (V),  area  (A),  and  the  charge  iQ' 
are  known.  The  costant  .026  is  due  to  the  internal  SEM  used 
during  all  of  the  experimental  runs. 

$  =  CV/ , 026q A  (4.1! 


One  rad(R)  is  equal  to  100  ergs/gm  energy  deposited  in  cne 
material.  One  rad  A 1 ;  -  0,  is  not  the  same  as  one  rad  Si  but 
a  conversion  factor  can  be  used  to  equate  the  two  materials 
[Ref.  14]  .  The  number  of  rads  (R,.)  in  A 1 ,  .0  ,  is  computed 
using  equation  4.2: 


R. ,  =  1.68  X  10  ”  $  * 


d& 


i?  d  x 

L 

where  P,,  is  in  rads  A1  -0  , 

This  is  a  variation  of  Rudi's  equation  for  dose  [Ret. 

1 4  ]  .  1  dE  is  the  stopping  power.  It  is  a  function  of  the 

9  dX 


I 


I 


m 


material  and  the  energy  of  the  bombarding  electrons.  The 
value  of  this  function  is  1.75  Mev  cm2/gm  for 
30  Mev  elctrons  and  1.851  Mev  cm2/gm  for 
100  Mev  electrons. 

For  the  first  experimental  run  the  following  values 
were  used : 


C  =  1  X  10 &  f 
q  =  1.602  X  10  -  ^  coul. 

V  =  11  volts 

.026  is  the  efficiency  factor  for  the  internal  SEM 
A  =  1  cm 2 


1  dE 
6  dX 


=  1.75  Mev  cm2/gm 


IV 


iC 


$  =  2.64  X  10  [electro ns /cm2]  (4.3/ 


R, , 

=  1.68  X 

iQ-"’ 

*  2 

.  64  X 

10  ' 

*  1.75 

[rad  A  1 .  . 

]  (4.4) 

R, . 

=  7 

.39  X 

10  -• 

[rad  A  1 . 

•0  ,]  (4.5) 

To 

compute 

dose 

i  n 

terms 

of 

[ rad  Si] 

the  the 

stopp i n  q 

power 

of  s  i  1 

icon 

i  s 

d i v i ded 

by  the 

stopp i nq 

power  of 

sapphire.  This  conversion  factor  is  multiplied  by  the  dose 
in  A  1  -0  ,  . 

R,.  *  1.809/1.75  =  1.034  *  R  [rad  Si]  (4.6) 

R  =  1.034  *  7.39  X  10’  (4.7) 
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7.64  X  10'7  Crad  Si  3  (4.8) 


The  dose  for  the  other  four  runs  was  computed  using  the 
same  equations.  When  the  bombarding  electrons  have  an 
energy  of  100  liev: 


1.851  Mev  cm2/gm  (Ale03)  (4.9) 

1.918  Mev  cm2/gm  (Si)  (4.10) 


1.034  is  the  factor  to  convert  dose  (R,,)  in  rads  AliVU-: 
to  dose  (R)  in  rads  Si. 

During  the  last  four  experimental  runs: 
q  =  1 .608  X  10  '  ‘•’coul  . 

A  =  1  cm 2 
C  =  1x10  -■  f 

.086  due  to  the  internal  SEM 

Table  4-8  below  give  the  summation  of  the  results  of 
experimental  runs  two  through  five. 


TABLE  4-8  SUMMATION  OF  DOSE  (R  rad  Si)  FOR  EXPERIMENTAL 


RUNS 

TWO 

THROUGH 

F  I  VE 

E  xper i men t  a  1 

Run 

Vo  1 t aqe  o f  SEM 

R  [rad  3 l 1 

T  wo 

ru 

G 

1 .48x10'' 

Thr  ee 

60 

4.48vi  0* ' 

Four 

6fc> 

4 . 868  x  1  <. i  ' 

Five 

90 

6  •  689  v  l  O' 
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Rtot^i  =  Ri  +  Ra  +  R-5  +  R*.  +  Rs 


(4.11) 


R  ♦:  o  It  «i  1  1.8155  X  10“*  Crad  Si  3 


Rtot.i  is  the  total  radiation  to  which  the  TIC  device 


was  exposed  over  a  period  of  five  experimental  runs. 


D.  RESULTS  OF  IRRADIATION 


Figure  4-3  is  a  baseline  photograph  of  the  v-i 


character i st ics  of  the  TIC  device.  Figure  4-4  is  a 


photograph  of  the  v-i  char ec ter i st i cs  of  the  TIC  device 


after  exposure  to  1.8155x10''  Crad  Si  3.  Although  the 


em ission  is  down  due  to  cathode  poisoning  the  device 


exhibiti ng  no 


which  would  indicate  damaoe 


due  to  radiation  CRef.  41. 


Figure  4-5  and  4-6  show  the  square  wave  input 


before  and  after  irradiation  of  experimental  run  three, 


There  is  no  reduction  in  the  TIC  device's  ability  to 


transmit  the  square  wave  input 


Figure  4-7 


photograph  taken  after 


experimental  run  three.  The  strange  humps  approximately  one 


half  wav  along  the  emission  lines  were  thought  to  be  due  to 


•adiation  damage.  After  consulting  with  Los  Alamos  fiat'. 


Laboratoty  an  attempt  was  made  to  filter  out  any  noise  i 


the  120  volt  a.c.  circuit.  It  was  determined  that  the  cause 


of  the  humps  was  noise  feeding  through  the  120  volt  a.c. 


circuit  into  the  curve  tracer.  A  SOLA  i  nver  ter -r  ec  l  f  l  e>* 


Figure  4-3.  Pre- irradiation  v-i  characteristics 


F iau re  4-4 . 


Post -  irradiation  v-i  charaoteriat  ios 


was  used  to  filter  out  the  noise.  Figure  4-8  shows  a 
photograph  taken  after  experimental  run  three  using  the 
SOLA.  Then  the  strange  humps  have  disappeared  and  the  device 
exhibited  normal  behavior. 

Figure  4-9  shows  the  TIC  device’s  ability  to  transmi t  a 
square  wave  prior  to  experimental  run  five.  Figure  4.10 
shows  the  TIC  device  transmitting  a  square  wave  after 
experimental  run  five.  The  TIC  device’s  performance  is 
relatively  unaffected  even  by  this  large  dose  of  radiation. 

E .  STRUCTURAL  FAILURE  OF  THE  DEVICE 

Continued  radiation  studies  on  this  device  could  not  be 
conducted  because  a  weld  on  one  of  the  bond  straps  failed. 
The  weld  which  holds  the  bond  strap  to  the  support  pin 
failed  (see  figure  1-1).  The  bond  straps  and  shims  are  used 
to  maintain  the  alignment  and  spacing  between  the  integrated 
circuits. 

The  broken  weld  allowed  the  critical  spacing  between  the 
substrates  to  be  greater  than  normal.  When  the  substrates 
changed  position  the  integrated  circuits  became  misaligned 
and  the  device  would  no  lonqer  fuction  properly. 

Figures  4-11  and  4— 12  show  the  response  of  the  device 
with  the  broken  weld.  The  respose  of  the  device  when 
connected  to  the  Textronix  576  curve  tracer  shows  that  (he 
device  will  no  longer  function  properly. 


Figure  4-9.  Square  wave  input  prior  to  experimental 
run  f ive 


F inure  4-1 o .  Square  wave  input  after  experimental 
run  five 


iva-v;-'-.  :■ 


■ 

n  * 

20  1 

jj  A 

1 

J- 

1 

V 

T 

200 

mV  | 

— ^  1 

100  u 

I 

Figure  4-11.  v-i  characteristics  of  TIC  with 
broken  bond  strap 
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Figure  4-12.  Response  of  TIC  to  a  chance 
current  wit-,  broken  bond  strao 


The  broken  weld  of  the  bond  strap  was  a  structural 
failure.  There  is  no  reason  to  believe  or  assume  that  the 
broken  weld  was  caused  by  radiation  damage. 

F.  PREVIOUS  RADIATION  STUDIES 

Previous  studies  have  been  performed  on  TIC 
triode  devices.  The  earliest  tests  were  conducted  at  the 
University  of  Arizonia  (U.  of  A.)  in  July  of  1979.  The  U. 
of  A.  tests  were  perormed  using  a  TRIGA  reactor  capable  of 
100  kw  continuous  and  750  mw  pulsed  operation.  The  triode 
device  was  continuously  monitored  for  changes  In 
char ac ter i s t i cs .  When  the  reactor  was  pulsed  to  750  Mw  the 
TIC  triode  charac ter i s t ics  showed  an  istantanecjs  shift 
during  the  pulse.  After  the  pulse  the  recovery  was  almost 
immediate.  The  total  dose  (2.5  x  10,:>  rad  Si  >  produced  no 
effect  on  the  device  characteristics. 

This  was  the  only  test  run  for  the  purpose  of 
total  dose.  All  other  tests  were  conducted  to  establish  the 
dose  rate  response  rate  of  the  devices.  None  of  the  tests 
produced  any  long  term  negative  effects  on  the  Tic  triodes. 

G.  RADIATION  HARDNESS  OF  TYPICAL  MICROCIRCUITS 
Semiconductor  integrated  circuits  are  classified  b 

thechnology.  The  different  microcircuit  technologies  and 
their  respective  hardness  to  total  dose  (rad  Si  > 
■■ablation  damage  are  shown  by  figure  4-13.  [Refs  . 
16, 17, and  18]  The  relative  hardness  of  the  different 


technologies  varies  widely.  The  broad  range  of  failure 
levels  makes  comparisons)  even  within  the  same  family 
trecherous  CRef.19].  TIC  devices  have  withstood  total  dose 
levels  two  orders  of  magnatude  greater  than  any  other 
integrated  circuitry  and  continue  to  function  normally. 


Eh  CU  W 


n-'; y.rm  l\‘  IV.Vl' •: ■■■' y^l  j'VjJ?,' 


V.  CONCLUSIONS 

A.  RESULTS  OF  RADIATION  STUDIES 

TIC  triode  devices  have  proven  to  be  very  "hard"  to 
radiation  damage.  Previous  studies  have  shown  bombarding 
neutrons  have  no  long  term  effect  on  TIC  device  operating 
char ac ter i s t i c s .  The  previous  study  tested  TIC  devices  to  a 
total  dose  (R)  of  2.5xl0<3  rad  Si  [Ref.  ID. 

The  low  radiation  hardness  of  present  day  microcircui 
makes  them  vulnerable  to  failure.  A  total  dose  of  10'-' 

rad  Si  is  fatal  to  the  hardest  of  todays  integrated 
circuits.  The  TIC  triode  used  in  this  experimental  study 
was  subjected  to  a  total  dose  (  R ,  )  of  1 . 8  1 55x  1  O''7  rad  Si. 

The  device  continued  to  function  as  expected  showing  no  ill 
effects  due  to  radiation  damage.  The  results  of  this 
experimental  study  show  that  TIC  integrated  circuits  are  at 
least  two  orders  of  magnatude  more  resistant  to  radiation 
d  amage . 

The  electron  emission  of  the  device  dropped  off  as 
expected.  The  decrease  in  electron  emission  was  not  due  to 
radiation  damage.  The  sputter  etch  process  used  to 
fabricate  the  integrated  circuitry  causes  cathode  poisoning 
[Ref.  A]  .  Mew  device  manufacturing  techniques  soon  to  be 


introduced  will  eliminate  this  problem. 


Although  the  TIC  device  did  eventually  fail,  the 
failure  was  not  due  to  radiation  damage.  The  structural 
failure  of  a  weld  cannot  be  attributed  to  radiation  damage 
of  the  material.  However,  this  failure  did  cause  the 
termination  of  experiments  before  radiation  failure  could  be 
determined.  The  operating  circuitry  of  the  device  did  not 
fail.  TIC  devices  represent  the  forefront  of  a  new 
technology.  Manufacturing  and  design  problems  are  to  be 
expected  from  any  new  technology.  The  next  generation 
technology  of  TIC  devices  will  eliminate  these  problems. 

None  of  todays  modern  integrated  circuit  devices 
can  withstand  the  total  dose  to  which  this  TIC  device  was 
subjected  and  continue  to  function.  The  fact  that  TIC 
devices  require  no  additional  sheilding  to  operate  in  sucn  a 
hostile  radiation  environment  will  be  the  impetus  for 
further  deve 1 opemen t  . 

Thus,  the  present  electron  radiation  experiments  and  the 
earlier  neutron  irradiations  demonstrate  that  TIC  devices 
can  operate  in  very  high  radiation  environments  with  no 
degregation  in  performance.  TIC  devices  have  continued  to 
function  normally  after  a  total  dose  two  orders  of  magnitude 
greater  than  the  failure  level  of  other  microcircuits.  '"he 
upper  limit  of  total  dose  which  will  cause  a  TIC  device  to 
fail  is  still  undefined.  Additional  work  in  this  area  should 


be  undertaken. 


The  future  of  TIC  devices  is  very  bright.  They  should 
and  will  be  used  to  compliment  modern  integrated  circuitry 
in  critical  weapons*  communications  and  space  systems. 


APPENDIX 


TEST  EQUIPMENT  LIST: 

1.  Hewlett  Packard  6209B  DC  Power  Supply: 

0-320V,  O-.IA 

2.  Hewlett  Packard  6205B  Dual  DC  Power  Supply: 

0-40V,  . 3A/0-20V,  .  6A 

3.  Hewlett  Packard  Harrison  6200B  DC  Power  Supply: 

0-400,  . 75A/0-20V,  1 . 5A 


4.  Keithley  617  Programmable  Electrometer 

5.  Tektronix  7603  Oscilloscope 

7B85  delayed  timing  base,  7A26  dual  trace 

6.  Tektronix  7904  Oscilloscope 

7B85  delayed  timing  base,  7A26  dual  trace 


7.  Ohmite  Ohm-Ranger 

resistance  range  1  ohm  thru  11,111,110  ohms 


8.  Weller  Electronic  Soldering'  Station 

9.  Tektronix  C-5C  Oscilloscope  Camera 

10.  Tektronix  C-51  Oscilloscope  Camera 

11.  SOLA  115  V  AC  Rectifier/ Inverter 

12.  Textronix  Type  576  Curve  Tracer 

13.  WAVETEK  General  Purpose  VCG 
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